We demonstrate a unified scenario for neutrino mass, baryon asymmetry, dark matter and inflation. In addition to a fermion triplet for the so-called minimal dark matter, we extend the standard model by three heavy fields including a scalar singlet, a fermion triplet and a fermion singlet/Higgs triplet. The heavy scalar singlet, which is expected to drive an inflation, and the dark matter fermion triplet are odd under an unbroken Z 2 discrete symmetry, while the other fields are all even. The heavy fermion triplet offers a tree-level type-III seesaw and then mediates a three-body decay of the inflaton into the standard model lepton and Higgs doublets with the dark matter fermion triplet. The heavy fermion singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and hence the CP violation for the nonthermal leptogenesis by the inflaton decay exactly comes from the imaginary part of the neutrino mass matrix.
I. INTRODUCTION
The precise measurements on the atmospheric, solar, accelerator and reactor neutrinos have established the phenomenon of neutrino oscillations [1] . This means a fact that three flavors of neutrinos should be massive and mixing [1] . We hence need new physics beyond the SU (3) c × SU (2) L × U (1) Y standard model (SM). On the other hand, the cosmological observations have indicated that the neutrino masses should be in a sub-eV range [1] . In various seesaw extensions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] of the SM, the small neutrino masses can be induced in a natural way. Specifically, these seesaw models contain some heavy particles. The neutrino masses then can be highly suppressed by a small ratio of the electroweak scale over these heavy particle masses.
The seesaw models can also help us to understand the cosmic matter-antimatter asymmetry which is the same as a baryon asymmetry [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . This is the famous leptogenesis mechanism. In the conventional leptogenesis [13] scenario, the interactions for giving the neutrino masses can generate a lepton asymmetry in the SM leptons before the SU (2) L sphaleron [23] processes stop working. Roughly speaking, the sphalerons will keep in equilibrium above the electroweak scale [23] . The produced lepton asymmetry thus can be partially converted to a baryon asymmetry. Therefore, we can simultaneously explain the small neutrino masses and the observed baryon asymmetry. In particular, the CP violation required by the leptogenesis only comes from the imaginary part of the neutrino mass matrix [24] .
Usually the leptogenesis is realized after the inflation [25] [26] [27] [28] . Alternatively, the lepton asymmetry can be produced by the inflaton decays [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . For example [30] , the inflaton can directly couple to the quasi-degenerate fermion singlets (the right-handed neutrinos) for the type-I seesaw. If the inflaton is lighter than the fermion singlets, it can decay into the SM lepton and Higgs doublets through the mediation of the off-shell fermion singlets. This non-thermal leptogenesis scenario can allow a low reheating temperature to avoid the gravitino problem in the supersymmetric models [48] [49] [50] [51] [52] .
The existence of non-baryonic dark matter (DM) poses another challenge to particle physics and cosmology. There have been a number of interesting ideas explaining the DM puzzle. For example, the DM candidates in the minimal DM models [53, 54] can have some predictive properties including the DM mass and the DM-nucleon scattering. The DM particle may also play a key role in the generation of the neutrino masses and the baryon asymmetry in some radiative seesaw models [55] [56] [57] [58] [59] .
In this work we shall demonstrate an interesting non-thermal leptogenesis scenario where the imaginary part of the neutrino mass matrix is the unique source for the required CP violation. Besides the SM content and a DM fermion triplet, our model contains three heavy fields including a scalar singlet, a fermion triplet and a fermion singlet/Higgs triplet. An unbroken Z 2 discrete symmetry is imposed to forbid some unexpected couplings. The heavy scalar singlet serves as an inflaton. The heavy fermion triplet offers a tree-level type-III seesaw and then mediates the three-body decays of the inflaton into the SM lepton and Higgs doublets as well as the DM fermion triplet. The heavy fermion singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at one-loop level. Our model has an essential feature that the type-I/II seesaw can absorb all of the physical CP phases in the lepton sector.
The paper is organized as follows: Sec. II introduces our model, Sec. III reveals the origin of the CP violation in the lepton sector, Sec. IV gives the neutrino mass matrix and its detailed imaginary part, Sec. V demonstrates the dependence of the non-thermal leptogenesis on the neutrino mass matrix, Sec. VI is a conclusion.
II. THE MODEL
Before starting with our model, we briefly review the lepton sector in the SM,
where W a µ (a = 1, 2, 3) and B µ respectively are the SM SU (2) L and U (1) Y gauge fields, g and g ′ are the corresponding gauge couplings, while φ, l L and e R respectively are the Higgs scalar, the left-handed leptons and the right-handed leptons, i.e.
Here and thereafter the brackets following the fields describe the transformations under the SM 
with
In general, the above three types of seesaw can contain more fermion singlets, more fermion triplets or more Higgs triplets. Therefore, we shall refer to the type-I seesaw with one fermion singlet as the minimal type-I seesaw, the type-II seesaw with one Higgs triplet as the minimal type-II seesaw, while the type-III seesaw with one fermion triplet as the minimal type-III seesaw. Accordingly, we would like to entitle the combination of the minimal type-III seesaw and the minimal type-I or II seesaw as the minimal type-III+I/II seesaw.
We now construct our model based on the minimal type-III+I/II seesaw. Specifically, we introduce a scalar singlet and an additional fermion triplet,
We also impose an unbroken Z 2 discrete symmetry under which the fields transform as
The full Lagrangian of our model then should be
Note the gauge-invariant Yukawa couplings of the DM fermion triplet to the SM lepton and Higgs doublets have been forbidden by the Z 2 discrete symmetry.
III. THE ORIGIN OF CP VIOLATION
In this section we shall study the physical CP phases in our model (9) . For this purpose, we denote
and then redefine the fields,
Accordingly we derive
This means we can choose a base [24] to enforce
We then rewrite the Lagrangians
In conclusion, for our model (9) with the minimal type-III+I/II seesaw, the physical CP phases in the lepton sector only exist in the Yukawa couplings f N α /f ∆αβ involving the fermion singlet/Higgs triplet N R /∆. As for the Yukawa coupling f σ involving the scalar singlet σ, it in principle is a complex number, however, its CP phase has no interesting consequence as we will show later.
IV. THE NEUTRINO MASS MATRIX
The Z 2 discrete symmetry is unbroken at any scales. As a result, the scalar singlet σ is forbidden to acquire any vacuum expectation values (VEVs). When the Higgs scalar φ develops its VEV φ = φ 0 = v ≃ 174 GeV to spontaneously break the electroweak symmetry, the left-handed neutrinos ν L can acquire a tiny Majorana mass term by integrating out the heavy fermion triplet T L and the heavy fermion singlet/Higgs triplet N R /∆, i.e.
Here the m III ν term is the minimal type-III seesaw while the m I/II ν term is the minimal type-I/II seesaw. Remarkably, the minimal type-III seesaw term is real in the base (18) . Therefore, the physical CP phases in the lepton sector only comes from the minimal type-I/II seesaw term, i.e.
Im m
wherem gives three neutrino mass eigenvalues, 
with the abbreviations s ij ≡ sin θ ij and c ij ≡ cos θ ij . As we will show in the next section, the imaginary part Im(m ν ) of the neutrino mass matrix m ν provides the unique source of the CP violation for a non-thermal leptogenesis. (28)
V. THE NON-THERMAL LEPTOGENESIS WITH MINIMAL DARK MATTER
We assume the fermion triplet χ L much lighter than the other fermion triplet T L , the fermion singlet/Higgs triplet N R /∆ and the scalar singlet σ. Therefore, the fermion triplet χ L indeed is ready for a minimal DM scenario [53] . Specifically, its neutral component χ 0 will become slightly lighter than its charged component χ ± due to the electroweak radiative correction, i.e. m χ ± − m χ 0 = 167 MeV. The stable χ 0 can leave a relic density which is fully determined by the annihilations and co-annihilations of the quasi-degenerate components (χ 0 , χ ± ) into the SM species. In these annihilations and co-annihilations, the unknown parameter is just the DM mass. To give a right DM relic density, the DM mass thus should be fixed by m χ = 2.5 TeV. The DM particle χ 0 can scatter off the nucleons at one-loop level. The DM-nucleon scattering cross section is also predictive, i.e. σ SI = 1.3×10 −45 cm 2 for m χ = 2.5 TeV. We further expect the scalar singlet σ to drive an inflation. For example, we can take [60, 61] M σ = 1.5 × 10
13 GeV , λ σ = 0 .
The inflaton σ is lighter than the fermion triplet T L and the fermion singlet/Higgs triplet N R /∆. So, it can only have the three-body decays as shown in Fig. 1a . We calculate the decay width at tree level,
The reheating temperature T RH thus can be determined by [62] Here H(T ) is the Hubble constant, i.e.
with M Pl = 1.22 × 10 19 GeV being the Planck mass while g * = 108.875 being the relativistic degrees of freedom (the SM species plus the DM fermion triplet).
As shown in Fig. 1b and Fig. 1c 1 , the inflaton can decay to generate a lepton asymmetry at one-loop level as long as the CP is not conserved, i.e.
After a lengthy calculation, we eventually obtain
By taking Eqs. (24) and (25) into account, we further see the above CP asymmetry should exactly come from the the imaginary part of the neutrino mass matrix, i.e.
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions for the neutrino mass generation to go out of equilibrium at a temperature T D [63] above the reheating temperature T RH , i.e.
and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read
The final baryon asymmetry then can be described by [62] 
where n B/L is the baryon/lepton number density, s is the entropy density, while c sph = − 28 79 is the sphaleron leptonto-baryon coefficient [64] .
As an example, we input
and then read 
The final baryon asymmetry then can match the observed value, 
In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry, the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z 2 discrete symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar singlet drives an inflation. The heavy fermion triplet offers a tree-level type-III seesaw and then mediates a threebody decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can consider a real scalar triplet to provide the inflaton.
